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ABSTRACT
As part of a research program on the evolution of somatosensory systems in vertebrates, 
the various components of ascending spinal projections were studied with in vivo and in vitro 
tract-tracing techniques in representative species of amphibians (the large green frog, Rana  
perazi, the clawed toad, Xenopus laevis and the ribbed newt, Pleurodeles waltl). Three main 
ascending sensory channels, each with largely separate targets, were demonstrated:
1. Ascending projections via the dorsal funiculus include primary and nonprimary 
projections that ascend to terminate mainly in the dorsal column nucleus at obex levels. A 
small component ascends farther rostralwards to terminate in the reticular formation, the 
octavolateral area, the trigeminal nuclear complex, and in the granular layer of the cerebellum.
2. Projections ascending via the dorsolateral funiculus reach other spinal and supraspinal 
targets than the dorsal funicular libers, mainly ipsilaterally. At upper cervical cord and obex 
levels, many fibers innervate a region considered the amphibian homologue of the lateral 
cervical nucleus of mammals. In the medulla, these fibers ascend ventral to the descending 
trigeminal tract to terminate in the dorsal column and the solitary tract nuclei, and more 
rostrally, in the reticular formation, the descending trigeminal nucleus and the medial aspect of the 
ventral octaval nucleus. Major projections reach the area between the facial motor nucleus and the 
ventral octaval nucleus, and a mediolateral subcerebellar band. These projections arise in neurons 
located mainly in the ipsi latera I deep dorsal and lateral fields throughout the spinal cord,
3. Ascending spinal projections via the ventral quadrant of the spinal cord (the ventral 
and ventrolateral funiculi) ascend throughout the brainstem up to the diencephalon. Along its 
course, this component innervates various parts of the reticular formation, the octavolateral 
area, the granular layer of the cerebellum, the region ventromedial and ventrolateral to the isthmic 
nucleus, and the subcerebellar region. In the mesencephalon, the torus semicircularis, the midbrain 
tegmentum and, sparsely, the tectum mesencephali are innervated. Beyond the midbrain, various 
dorsal and particularly ventral thalamic nuclei and the posterior tubercle are innervated by this 
ascending sensory channel. The cells of origin of some of these projections were observed in the 
dorsal, and to a lesser extent, in the lateral and ventral spinal fields of the spinal cord.
Evidence for the presence of these three main ascending sensory channels throughout 
vertebrates will be discussed. The presence of such channels appears to be a shared character in the 
brain of both amniotes and anamniotes. Comp. Neurol. 378:205-228,1997, © iü97 Wiiey-Uss, inc.
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In terrestrial vertebrates, two basic systems of ascend­
ing spinal projections are found (see Willis and Coggeshall, 
1991): (1) a primary afferent ascending spinal projection 
via the dorsal funiculus to the dorsal column nucleus and
(2) a secondary afferent projection via the lateral funiculus 
to the reticular formation, mesencephalon and thalamus.
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Recent studies in amphibians (Munoz et al., 1994b, 1995a,b, 
1996) show th a t the dorsal column nucleus also receives 
nonprimary spinal afferent fibers, and that the dorsolat­
eral funiculus innervates an anuran homologue of the 
mammalian lateral cervical nucleus. Both the dorsal col­
umn nucleus and the lateral cervical nucleus innervate the 
contralateral thalamus via the medial lemniscus. More­
over, distinct spinothalamic projections are present in 
amphibians (Munoz et al., 1994a). These studies suggest 
tha t the classical subdivision of ascending spinal projec­
tions into two systems is too simple.
The present study will show that three main ascending 
sensory channels are present in vertebrates: an ipsilateral 
projection via the dorsal funiculus to the dorsal column 
nucleus, a mainly ipsilateral projection via the dorsolat­
eral funiculus to a lateral cervical nucleus and various 
rhomb encephalic centers, and mainly contralateral projec­
tions via the ventral and ventrolateral funiculi (the ventral 
quadrant of the spinal cord) to the brainstem and the 
thalamus. The ascending projections that course in the 
various funiculi of the spinal cord were studied with 
modern tract-tracing techniques in three representative 
species of amphibians: two anuran species, the Spanish 
large green frog, Rana perezi (formerly R. ridibunda), and 
the South African clawed toad, Xenopus laevis, and one 
urodele species, the ribbed newt, Pleurodeles waltl. The 
targets of ascending spinal fibers were studied with antero­
grade tracers (Phaseolus uu/gans-leucoagglutinin and bio­
tinylated dextran amine). The cells of origin of some of 
these ascending sensory pathways were analyzed by retro­
grade labeling with biotinylated dextran amine (BDA). 
BDA was applied in vivo as well as in an in vitro prepara­
tion of the anuran central nervous system (CNS), i.e., an 
isolated brain preparation (Luksch et al,, 1996)* The use of 
an isolated CNS for tract-tracing has many advantages 
including: (1) virtually all areas are easily accessible 
without having the problem of blood vessels that hinder 
access; (2) tracer applications can be restricted to the 
structure intended; and (3) even massive tracer applica­
tions are possible without survival problems of the animal, 
and tracers will not be translocated by blood circulation. 
Moreover, anterogradely and retrogradely labeled struc­
tures in vitro showed no differences to neuronal structures 
stained in vivo (Straka and Dieringer, 1991; Luksch et al, 
1996; Muiîoz et al., 1996). It will be shown that the 
presence of three ascending sensory channels with largely 
separate targets i.s common to vertebrates, and is a shared 
character in the brain of both amniotes and anamniotes.
MATERIALS AND METHODS
The present study is based on data obtained in the 
anuran species Ra?ia perezi and Xenopus laevis and in the 
urodele Pleurodeles waltL A total number of 20 adult R. 
perezi, 9 adult and 14 young adult X, laevis and 15 adult P. 
waltl were used. The animals were obtained from labora­
tory stock of the Department of Cell Biology, University 
Complutense of Madrid (it!, perezi and P waltl) > and the 
Department of Animal Physiology, University of Nijmegen 
(X laevis). In vivo and in vitro approaches were used. The 
Animal Care and Use Committees of the two Universities 
involved approved the methods used in this study
In vivo tract tracing experiments
All experiments were carried out under surgical anesthe­
sia with 15-50 mg MS 222 (Sigma) per 100 ml water. The 
anterograde tracer Phaseolus v ulgar is-leucoagglutinin 
(PHA-L, Sigma) as well as the bidirectionally transported 
tracer biotinylated dextran amine (BDA, 10 kD, Molecular 
Probes) were applied to the dorsal horn of various spinal 
segments. Tracer solutions (a 2% PHA-L or a 10% BDA 
solution in 0.1 M phosphate buffer [PB] pH 7.4) were 
iontophoretically injected during 5-10 minutes by using a 
5-10 pA positive pulled current (7 seconds on/7 seconds off} 
at cervical (brachial), thoracic or lumbar spinal cord levels 
in Rana perezi and Xenopus laevis (seven cases in Rana, 
nine in Xenopus). Cervical injections were made in
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Pleurodeles w a l t l  (two cases). In another set of experi­
ments, BDA was recrystallized from distilled water onto 
fine sharp tungsten needles or glass micropipettes and 
applied: (1) dorsally at different spinal levels (seven cases 
in Rana, four in Pleurodeles); (2) to the torus semicircu­
laris (three cases in Rana, three in Pleurodeles); and (3) to 
the ventral thalamus (three cases in Rana, three in 
Pleurodeles). In three P waltl, 10 kD BDA was applied to 
the proximal stumps of cut brachial and lumbar dorsal 
roots by dipping the roots in a plastic tube containing a 
10-15% BDA solution in distilled water. Survival times 
varied from 5 to 10 days. The animals were then reanesthe­
tized and perfused transcardially with isotonic saline 
followed by a fixative containing 4% paraformaldehyde in 
PB, The brain and spinal cord were removed, postfixed for 
4 hours, cryoprotected in a 30% sucrose solution in PB, and 
embedded in gelatin or polyacrylamide (see ten Donkelaar 
and de Boer van Huizen, 1991). The brains were cut 
tr ans vers ally at 40 pm on a freezing microtome. For 
visualizing BDA, an avidin biotin complex (Vectastain 
ABC Elite Kit, Vector Laboratories) was used. PHA-L was 
visualized with an indirect peroxidase anti-peroxidase 
technique (PAP, Sternberger, 1979) by using as antibodies:
(1) goat anti-PHA-L (Vector, 1:2,000) overnight at 4°C, (2) 
donkey anti-goat (Nordic, 1:50) for 1 hour at room tempera­
ture, and (3) PAP goat (Sigma, 1:800) for 1 hour at room 
temperature. The antibodies were diluted in 0,1% Triton 
X-100 in a 0.05 M Tris/saline pH 7.6 buffer. In some cases 
the sections were subsequently osmificated for 30-45 
minutes in 0.1% osmium tetroxide in PB. Selected sections 
were counterstained with 0.1% cresyl violet solution. The 
sections were mounted on gelatin-coated glasses and cover- 
slipped with Entellan (gelatin-embedded sections) or glyc- 
erin-gelatin (polyacrylamide-embedded sections).
In vitro tract-tracing experiments
In 14 young adult Xenopus laevis, an in vitro approach 
was used according to Luksch et ah (1996) based on 
Cochran et al. (1987). The animals were deeply anesthe­
tized with a 0.2%) solution of MS222 and perfused transcar­
dially with iced Ringer solution (75 znM NaCl, 25 mM 
NaHCOa, 2 mM CaCl2, 2 mM KC1, 0.5 mM MgCl2, 11 mM
glucose; pH 7.4), The brains were removed, submerged in 
the same iced Ringer solution, and cut at middiencephalic 
or midm es encephalic levels. Applications of 3 kD BDA 
(Molecular Probes, D-7135), recrystallized at the tip of 
sharp tungsten needles or glass micropipettes, were made 
with the help of a micro manipulator at the ventral thala­
mus, the torus semicircularis or at the dorsal horn of the 
spinal cord. The brains were kept for 18 hours at 15°C in 
continuously oxygenated Ringer solution (pH 7.4-) with 
carbogen, and subsequently processed as described for the 
in vivo BDA experiments.
The nomenclature used in this study is largely based on 
studies by Ebbesson (1976) on the spinal cord; by Opdam 
and Nieuwenliuys (1976) and Opdam et al. (1976) and 
Nikundiwe and Nieuwenhuys (1983) on the brainstem, by 
Potter (1965) on the midbrain; by Neary and Northcutt 
(1983) and Wicht and Iiim stedt (1988) on the diencepha- 
lon.
RESULTS
In the present study, essentially two types of experi­
ments were carried out. The supraspinal targets of ascend­
ing pathways from the spinal cord were studied with the 
anterograde tracers PHA-L and BDA. The cells of origin of 
spinoreticular, spinotoral and spinothalamic projections 
were studied using BDA as a retrograde tracer. Some 
general remarks are appropriate here. Iontophoretic injec­
tions resulted in smaller deposits of the tracers used than 
the dry applications of BDA on glass micropipettes or 
tungsten needles. After dry application of BDA, a more 
effective labeling of ascending spinal projections was found. 
Therefore, most of the data presented are based on such 
applications, both in vivo and in vitro. Following iontopho­
retic or dry application of tracers, rather extensive ascend­
ing projections were found. The spinal cord gives rise to 
distinct, mainly ipsilateral, ascending projections via the 
dorsal funiculus and the dorsolateral funiculus and pre­
dominantly contralateral projections via the ventral funicu­
lus and ventrolateral funiculus (the ventral quadrant of 
the spinal cord). Due to the proximity of the dorsal horn to 
the dorsal funiculus and the dorsolateral funiculus, tracer 
application to the dorsal horn often led to the involvement 
of the dorsal funiculus and the dorsolateral funiculus 
resulting in the uptake of tracers by its fibers. In line with 
previous studies (Antal et al.s 1980; Nikundiwe et al., 
1982; Jhaveri and Frank, 1983; ten Donkelaar and de 
Boer-van Huizen, 1991; Munoz et al,, 1995a) in such cases 
spinal dorsal root primary afferent fibers were labeled as 
well as fibers of the postsynaptic dorsal column system. 
For the sake of clarity anterograde tracing data will be 
presented for the dorsal and dorsolateral funiculi, and for 
the ventral quadrant, separately In Figures 1, 2 and 8, 
labeled fibers are indicated only for the dorsal funicular 
and the dorsolateral funicular components, whereas in 
Figures 3 and 9 only the labeled fibers passing via the 
ventral and ventrolateral funiculi are shown. First, the 
anterograde tracing experiments in the anuran species 
studied will be discussed, followed by retrograde tracing 
data on the cells of origin of ascending spinal pathways, 
and finally the data obtained in Pleurodeles waltl.
Anterograde tracing experim ents in anurans
In a first set of experiments, unilateral applications of 
the tracers PHA-L or BDA were made into the dorsal horn 
of the cervical spinal cord of Rana perezi and Xenopus 
laevis. The injections affected the dorsal and lateral spinal 
fields and, occasionally, the dorsal funiculus and the 
dorsolateral funiculus. In some cases, spread to more 
ventral parts of the spinal grey took place, but spread to 
the contralateral side was restricted. More ventral injec­
tions affected the ventromedial, ventrolateral and lateral 
motor spinal fields, and the ventral and ventrolateral 
funiculi.
Ascending spinal projections passin g  via the dorsal 
and dorsolateral funiculi. In those experiments th a t 
affected the dorsal and la teral grey spinal fields, rostral to 
the injection site, anterogradely labeled fibers were ob­
served in the dorsal funiculus and the dorsolateral funicu­
lus tha t innervate different supraspinal targets. Two experi­
ments will be described. Following a lum bar in vitro BDA 
application (Fig. 1) labeled fibers could be traced via the 
ipsilateral dorsal and dorsolateral funiculi. Most of the 
labeled fibers ascending in the dorsolateral funiculus tu rn  
dorsomedially at upper cervical segments and at the level 
of the obex, and profusely innervate the neurons in the 
dorsolateral grey. At these levels, the labeled fibers th a t 
course in the dorsal funiculus massively innervate the
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Fig. 1. A-Z: Schematic drawing of a series of transverse sections through the brainstem and spinal 
cord of a young adult Xenopus laevis which shows the labeling in the dorsal and dorsolateral funiculi after 
in vitro application of 3 kD biotinylated dextran amine (BDA) into the lumbar spinal cord between the 9th 
and 10th dorsal roots. Hatched area in Y indicates the spread of the tracer.
medial portion of the dorsal column nucleus (DCN) and the 
caudal aspect of the nucleus of the solitary tract (Fig. 
IF—H). Only a few fibers terminate in the contralateral 
DCN. Ju st caudal to the obex a band-shaped area in the 
grey was found where terminal fibers originating in the 
dorsal funiculus and dorsolateral funiculus overlap (Fig. 
1F-H). This band borders an unlabeled zone in the dorso­
lateral margin of the obex region. The latter zone is known 
to be occupied by descending fibers of the trigeminal tract 
and the cells related to them (Gonzalez et al., 1993). The 
labeled fibers in both funiculi could be traced into the 
rhombencephalon where they shift to more ventrolateral 
positions. The fibers from the dorsolateral funiculus termi­
nate diffusely in the lateral reticular zone dorsal to the 
X th and Xth motor nuclei (Fig. 1B-D). Some fibers 
continue rostrally and innervate the subcerebellar region 
(Fig. 1A). Labeled fibers ascending via the dorsal funiculus 
could be traced to the dorsolateral aspect of the rhomben­
cephalon where they innervate the lateral cells of the 
reticular formation, the area of the nucleus of the descend­
ing tract of the trigeminal nerve and the ventral region of 
the octavolateral area. Only a few fibers reach the level of 
the trigeminal nerve root and no dorsal funicular fibers 
were labeled in the cerebellum and the subcerebellar 
region.
Following tracer applications to the thoracic cord, the 
pattern  of labeling in the brainstem is essentially the same
(Fig. 4A). Two distinct sites of termination of ascending 
spinal fibers should be emphasized: a zone in the lateral 
reticular formation between the IXth and V llth motor 
nuclei and more, rostrally, the subcerebellar region with a 
few fibers entering the caudal aspect of the granular cell 
layer of the cerebellar plate. À small fiber bundle continues 
rostrally to terminate in the poster odor sal tegmental 
nucleus of the mesencephalon. The innervation of the 
mesencephalic tegmentum is more abundant in Rana 
perezi than in Xenopus laevis. The fibers ascending from 
the thoracic cord via the dorsal funiculus innervate the 
nucleus of the solitary tract, the nucleus of the descending 
trigeminal tract, and the octavolateral rhombencephalic 
area. In X. laevis, these fibers reach the zone of the lateral 
line nuclei and tracts while in R. perezi, in which no lateral 
line system is present in the adult, the innervation is 
restricted to the ventral nucleus of the VUIth nerve. The 
rostralmost fibers in both species studied reach the subcer­
ebellar region with some fibers entering the cerebellar 
granule cell layer.
After a cervical in vitro BDA application (Fig. 2), the 
innervation pattern is similar to that in lumbar and 
thoracic cases, although the amount of labeling in the 
lateral reticular formation between the IXth and the Xth 
motor nuclei (Figs. 2F-H; 4C,D) in the subcerebellar 
region and in the cerebellum (Figs. 2A,B; 4B) is much 
higher. The rostralmost fibers from the dorsolateral funicu-
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Pig. 2. A-Z: Schematic drawing of a series of transverse sections through the brainstem  and spinal 
cord of a young adult Xenopus laevis which shows the labeling in the dorsal and dorsolateral funiculi after 
in vitro application of 3 kD BDA into the cervical spinal cord, just rostral to the third dorsal root. Hatched  
area in O indicates the spread of the tracer.
lus abundantly innervate the caudal aspect of the mesence­
phalic posterodorsal tegmental nucleus. Some fibers even 
decussate in the anterior medullary velum to its contralat­
eral part.
Finally, it should be emphasized that, following unilat­
eral application of tracers to lumbar, thoracic or cervical 
spinal cord, a small contralateral component of ascending 
fibers in the dorsolateral funiculus was always labeled. 
This may be due to spread of the tracer to the contralateral 
side or its uptake by dendrites of contralateral spinal 
neurons extending into the site of tracer application.
Ascending spinal projections passing  via the ventral 
Quadrant o f  the spinal cord. In those experiments that 
affected the dorsal, lateral or ventral spinal fields, a 
distinct, bilaterally ascending system from the spinal cord 
was labeled in the ventral quadrant of the white matter. 
One of these experiments is shown in Figure 3, a cervical 
in vivo BDA application. It should be noted that in 
experiments with tracer applications restricted to the 
dorsal horn (dorsal and lateral spinal fields), more labeled 
fibers were found contralaterally than ipsilaterally in the 
ventral and ventrolateral funiculi. In cases in which tracer 
applications affected the ventral horn, often the ventral 
and ventrolateral funiculi were damaged, resulting in a
higher amount of ipsilaterally than  contralaterally labeled 
fibers. This is presumably due to labeling of damaged, 
crossed fibers. The axons of contralaterally projecting 
spinal cells could be traced from the injection site ventrally 
and medially, decussating to the contralateral side be­
neath the central canal, then turn ing  rostral wards in the 
ventral and ventrolateral funiculi (Fig. 3V). Axons of 
ipsilaterally projecting cells were often seen to join the 
ipsilateral ventral funiculus. As the ventral quadrant 
component ascends in the rhombencephalon, it smoothly 
swings to more lateral and dorsolateral positions. Through­
out the medulla it gives off th in  varicose fibers to different 
targets (Fig. 3L—S).
Most of the labeled fibers innervate structures in the 
caudal part of the brainstem. A progressive decrease in the 
amount of labeled fibers was observed as the ventral 
quadrant component ascends to more rostral levels. Some 
of the thin terminal fibers th a t reach distinct medullary 
cell masses are collateral branches of thicker fibers located 
at the margin of the medulla th a t presumably ascend to 
more rostral levels. The inferior, middle and superior 
reticular nuclei receive an extensive innervation from the 
ventral quadrant of the spinal cord, while the lateral 
reticular zone receives only a sparse innervation from this
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component. Additionally, the IX-Xth motor nuclei, raphe 
nuclei and the descending trigeminal tract are innervated. 
More rostrally, labeled fibers were observed in the area 
between the V tlth  and Vth motor nuclei and more sparsely 
in the central grey at midrhomb encephalic levels. A few 
smooth fibers course dorsally into the octavolateral area to 
innervate the dorsal and ventral octaval nuclei (Fig. 
3N,0). Some fibers enter the granular layer of the cerebel­
lum where some of them cross the midline in the cerebellar 
commissure (Fig. 3J,K). A few fibers were observed in 
subcerebellar areas, ju st caudal to the isthmic nucleus. 
More rostrally, fine varicose fibers were observed ventrome­
dial and ventrolateral to the conspicuous isthmic nucleus 
(Fig. 31) where the locus coeruleus and the nucleus of the 
lateral lemniscus are found. A sparse spinal innervation is 
also present in the band-shaped area located between the 
isthmic nucleus and the mesencephalic ventricle. The 
posterodorsal and posteroventral mesencephalic tegmen­
tal nuclei are sparsely innervated (Fig. 3G,H). At caudal 
mesencephalic levels, ventral quadrant fibers turn dor­
sally along the lateral aspect of the midbrain and bend 
medially to term inate abundantly in the torus semicircu­
laris (Figs. 3F~H; 4F). The principal, magnocellular and 
laminar toral nuclei receive spinal projections. A few fibers 
reach the midline where the commissural nucleus of the 
torus is located. Occasionally, some labeled fibers and 
terminals were observed at the lateral aspect of the 
mesencephalic tectum (Fig. 4E). In both species, at more 
rostral mesencephalic levels, the anterodorsal and antero- 
ventral tegmental nuclei, the red nucleus and the intersti­
tial nucleus of the fasciculus longitudinalis medialis are 
slightly innervated by spinal ventral quadrant fibers (Fig. 
3E). In addition, scattered fibers distribute to the pretoral 
and pretectal grey and some fibers cross in the posterior 
commissure. Beyond the midbrain, both dorsal and ventral 
thalamic areas are innervated by ventral quadrant fibers 
(Fig. 3A-D). A few thin, varicose fibers innervate the 
posterior and central dorsal thalamic nuclei, whereas the 
anterior nucleus receives only a sparse spinal innervation. 
In addition, the posterodorsal and posteroventral lateral 
nuclei are also sparsely innervated, The ventromedial 
thalamic nucleus and the dorsal aspect of the posterior 
tubercle are far more densely innervated. The fibers 
reaching all cell layers of the ventromedial nucleus pass 
through the dorsal part and, especially, the ventral part of 
the ventrolateral thalamic nucleus where varicosities were 
also found among its cells. No labeling was found more 
rostrally in the diencephalon or in the telencephalon in 
any of the cases studied.
After thoracic or lumbar BDA applications, a largely 
similar pattern of anterograde labeling, although less 
conspicuous, was observed. In all cases, innervation of the 
aforementioned rhomb encephalic and midbrain tegmental 
areas was; observed. A low density of labeled fibers was 
present i i the torus semicircularis and in the ventral 
thalamus. The la tter structure was only very sparsely 
innervate d in experiments with lumbar spinal injections.
Retrograde tracer experiments in anurans
BDA was used to trace the cells of origin of components 
of ascending spinal pathways. The tracer was applied to 
the ventral part of the thalamus, to the torus semicircu­
laris and to the reticular formation. In a first set of 
experiments in Rana perezi, BDA was applied in vivo as 
small crystals to the ventral part of the thalamus or to the
torus semicircularis, two main targets of ascending sen­
sory pathways from the spinal cord. After BDA application 
to the ventral thalamus, retrogradely labeled cells were 
observed, predominantly contralaterally, in the sensory 
trigeminal nuclei, in the dorsal column nucleus, in the 
lateral cervical nucleus and in the cervical, and to a lesser 
extent, thoracic spinal cord. Round, triangular and irregu­
larly shaped neurons were observed mainly in the dorsal 
spinal field and a few cells were present in the lateral field. 
Some pyramidal and bipolar cells with dendrites extend­
ing predominantly horizontally were observed in the ven­
tral fields of cervical segments. Higher numbers of retro­
gradely labeled cells were seen in the spinal cord in experiments 
with BDA applications to the torus semicircularis.
In a second set of experiments in Xenopus laevis, an in 
vitro approach was used, In an isolated brain preparation 
of young adult X. laevis, 3 kD BDA was applied to the 
ventral part of the thalamus, to the torus semicircularis 
and to the reticular formation (Fig. 5). In such isolated 
brain preparations, a more extensive pattern of labeling 
was observed. In all experiments labeled cells were ob­
served more contralaterally than ipsilaterally. In experi* 
ments with ventral thalamic BDA applications (Fig. 5A), 
numerous labeled cells were present in the cervical spinal 
cord (Fig. 6A), whereas only a few cells were found at 
thoracic levels and no lumbar neurons were labeled at all 
Most of the cells (80%) were found contralateral to the 
application site, and about 20% ipsilaterally projecting 
spinothalamic cells were observed, Cells with round, bipo­
lar and irregular morphology were found.
After BDA applications to the torus semicircularis, more 
retrogradely labeled cells were seen in the spinal cord (Fig. 
5B). Moreover, labeled cells were observed throughout the 
spinal cord. Again, more contralaterally (65%) than ipsilat­
erally (35%) labeled neurons were found. This proportion 
remained constant throughout the rostrocaudal extent of 
the spinal cord. Most spinotoral cells (about 80%) were 
found in the cervical cord (Fig. 6C,D,F,G), about 10% at the 
thoracic level and about 10% in the lumbar cord. At 
cervical levels, labeled neurons were found predominantly 
in the ventral part of the dorsal horn. Most neurons have 
round or bipolar cell bodies with dendritic trees extending 
laterally towards the dorsolateral funiculus and within the 
dorsal field. Additionally, triangular and irregularly shaped 
large cells with dendrites extending dorsally, ventrally and 
medially were present. The axons of these cells course 
ventromedially, cross the midline ventral to the central 
canal and join the contralateral ventral funiculus where 
they turn rostrally. Triangular or bipolar, horizontally 
oriented, ipsilaterally projecting cells send their axons to 
the ipsilateral ventral funiculus. Some neurons were also 
present bilaterally in the lateral field. Round and triangu­
lar as well as larger multipolar neurons were labeled 
bilaterally in the ventral spinal grey within the ventrome­
dial, ventrolateral and lateral motor fields. At thoracic 
levels, neurons were also found particularly in the ventral- 
part of the dorsal field. Small, round and large irregular 
cells were observed. The dendrites of the large, irregular 
neurons are directed dorsally and medially within the 
dorsal field and laterally towards the dorsolateral funicu­
lus. A few labeled neurons were present in the ventrome­
dial and ventrolateral spinal fields. In some cases, the 
axons of ipsilaterally labeled cells follow an unusual 
course and cross the midline twice at the spinal level 
where the cell body is located, first dorsal and then ventral
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Fig. 3. Schematic drawing of a series of transverse sections through the diencephalon (A~D), the 
mesencephalon (E-H), the rhombencephalon (I-S), and spinal cord (T-V) of Rana perezi which shows the 
labeling of the ventral quadrant system after in vivo 10 kD BDA application to the cervical sp inal cord, 
Hatched area in V indicates the spread of tracer.
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bilaterally, in the ventral horn. They were located in the 
ventromedial and ventrolateral fields.
Anterograde tracing experiments 
in an urodele
In the ribbed newt, Pleurodeles waltl, comparable experi­
ments were carried out. Since hardly any data are avail­
able on dorsal root projections for urodeles, one experi­
ment is included.
Ascending spinal projections passing via the dorsal 
and dorsolateral funiculL In Figure 7, an experiment is 
shown in which a main brachial dorsal root was cut and 
subsequently labeled with BDA. In such experiments two 
fiber tracts were labeled in the spinal cord: a medial 
bundle in the dorsal funiculus consisting of thick fibers, 
and a lateral group of thin fibers within the dorsal portion 
of the dorsolateral funiculus, i.e., Lis sauer’s tract. Both 
fiber systems project to widespread spinal and supraspinal 
regions. Here only the distribution of dorsal root fibers to 
supraspinal targets will be discussed. Within the dorsal 
funiculus, spinal primary afferent fibers ascend, somato- 
topically arranged, to the obex region. Fibers originating 
at cervical segments are present in the lateral part of the 
dorsal funiculus. In experiments in which a lumbar dorsal 
root was labeled, fibers were found in a position medial to 
those of cervical origin. These ascending spinal projections 
via the dorsal funiculus outline the DCN at the obex level 
(Fig. 7M,0). The terminal fields in this area largely 
resemble the organization of the fibers in the dorsal 
funiculus. Thus, with a certain degree of overlap in the 
projection, medially situated axons from lumbar dorsal 
root ganglion cells terminate on medial cells in the DCN, 
whereas laterally located fibers arising from cervical dor­
sal root ganglion cells end on more lateral cells. Most of the 
primary afferent fibers terminate dorsal to the cells of the 
DCN. However, some fibers reach more ventrolaterally 
located positions. Rostral to the obex level, tightly packed 
dorsal funicular fibers gradually turn ventrolaterally and 
ascend throughout the medulla dorsal to the descending 
trigeminal tract (Fig. 7J~H). Lumbar primary afferent 
fibers could not be traced far beyond the rostral limit of the 
DCN. However, brachial dorsal root fibers extend as far 
rostrally as the cerebellum where they arborize profusely 
within the granular layer (Fig. 7A,P). Throughout the 
rhombencephalon, varicose fibers leave the tract and 
arborize within the white m atter where dendrites of the 
adjacent periventricular cells of the reticular formation, 
the nucleus of the solitary tract, the nucleus of the 
descending trigeminal tract and of the octavolateral area 
can be contacted. More rostrally, at the level of the Vllth 
and Vlllth nerve roots, some fibers enter the lateral reticular 
zone and the ventral aspect of the octavolateralis area.
After BDA applications to the cervical spinal cord in 
Pleurodeles, labeled fibers could be traced to supraspinal 
targets via the dorsal, dorsolateral, ventral, and ventrolat­
eral funiculi organized in a way similar to that in anurans, 
although some differences were eminent. One experiment 
in which BDA was applied to the midcervical segment of 
the spinal cord is shown in Figure 8. The application site 
included the dorsal and dorsolateral funiculi (Fig. 8P). In 
the dorsal funiculus, two different, adjacent components of 
labeled fibers could be distinguished (Fig. 8M,-0): a 
medial component composed of thick, tightly packed fibers, 
and a second more dorsolaterally located component that 
is flanked laterally by the descending trigeminal tract. At
spinal levels both components are very close to each other 
At the obex level, the medial component occupies a dorso- 
medial position and its thick fibers do not give off varicose 
terminal fibers. In turn the more sparse lateral fibers give 
off abundant thin, varicose fibers in this region tha t enter 
the dorsalmost aspect of the grey. Slightly rostral to the 
obex level, a small wedged-shaped, nonlabeled area sepa­
rates both components of labeled fibers (Fig. 8L,M). This is 
more evident rostrally in the rhombencephalon, as the 
dorsal funicular system, the descending triform nal tract 
and the dorsolateral funicular system swing ventrolater­
ally (Fig. 9A,B), A progressive decrease in the number of 
fibers of the medial component of the dorsolateral funicu­
lar fibers was observed up to the level of the facial motor 
nucleus where they fade and term inate as thick, varicose 
fibers in the lobe of the lateral line. However, the lateral 
component of the dorsal funicular fibers gives off th in  
terminal branches that massively reach the dorsal grey a t 
caudal medullary levels. More rostrally, many fibers arbo­
rize within the white m atter adjacent to the tract but some 
fibers reach the adjacent reticular, octavolateral and tr i­
geminal areas as they ascend in the medulla up to the 
cerebellum. Here they distribute profusely to the ipsilat­
eral superficial half of the granular cell layer (Fig. 8A).
Anterogradely labeled thin fibers in the dorsolateral 
funiculus ascend throughout the medulla ju st ventral to 
the descending trigeminal tract (Figs. 8, 9A,B). Along their 
course, varicose terminal fibers were observed within the 
tract but they rarely enter the adjacent grey in the lateral 
reticular formation, and the descending trigeminal nucleus. 
Numerous varicose fibers and term inals were observed in 
the ventrolateral alar grey a t the obex level and between 
the rostralmost root of the IXth-Xth complex and the root 
of the trigeminal nerve. Here some fibers tu rn  toward the 
ventral aspect of the octavolateral area. More rostrally, a t 
the level of the cerebellum, the dorsolateral funicular 
fibers shift dorsally and medially and profusely innervate 
the subcerebellar region. A few fibers enter the cerebellum. 
The rostralmost fibers sparsely innervate the caudal as­
pect of the mesencephalic tegmentum.
Ascending spinal projections pass in g  via the ventral 
quadrant of the spinal cord . In experiments with BDA 
applications to the dorsal grey a t cervical spinal segments, 
a predominantly contralateral bundle of labeled fibers 
could be traced via the ventral and ventrolateral funiculi 
to the brainstem and diencephalon (Fig. 9). Most fibers 
cross the midline below the central canal and enter the 
contralateral ventral funiculus. Here, the fibers bend 
rostrally and ascend to various rhombencephalic, mesence­
phalic and diencephalic areas. As in anurans, ascending 
spinal fibers passing via the ventral quadrant swing to a 
more lateral position in the rhombencephalon (Fig. 9F—L). 
In the rhombencephalon, projections were found through­
out the rostrocaudal extent of the reticular formation 
(Figs. 9G-L; IOC), to the area octavolateralis and to the 
cerebellum (Fig. 9F). At caudal mesencephalic levels, the 
ascending fibers bend dorsolaterally and innervate the 
outer layers of the tectum mesencephali (Figs. 9D,E; 10D), 
the torus semicircularis (Figs. 9D; 10E), and the midbrain 
tegmentum. Within these areas, the labeled fibers are 
mainly distributed in the inner region of the external 
white fiber layer, and hardly reach the periventricular cell 
layer. In the diencephalon, a m ain projection field is 
present in the ventral thalam us, and forms a rostral 
continuation of tha t observed in the torus semicircularis
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Fig. 8. A-P: Schematic drawing of a series of transverse sections through the brainstem  and spinal 
cord of Pleurodelas waltl which shows the labeling o f dorsal and dorsolateral funicular com ponents after 
an in vivo 10 kD BDA application to the cervical spinal cord, The levels of the sections are indicated along  
a dorsal view of the central nervous system  of P. w altl. Hatched area in P indicates the spread of the tracer.
BDA were used in an in vivo approach in adult Rana 
perezi, Xenopus laevis and Pleurodeles waltl Additionally, 
in an in vitro approach, 3 kD BDA was used in isolated 
brain preparations of young adult Xe?iopus laevis. The 
results with both the in vivo and in vitro tracing tech' 
niques were largely comparable. However, the 3 kD BDA 
in vitro approach presents several advantages such as fast 
transport, the good neuronal labeling including secondary 
and tertiary dendrites, good labeling at long distances, the 
easy accessibility of all brain areas without the surgical 
and survival problems of the animals in cases with large 
lesion or massive tracer application and the precise tracer 
application under visual control (Luksch et a l, 1996). 
Small dextran amines with a molecular weight of 3 kD 
diffuse faster than 10 kD ones (Popov and Poo, 1992; 
Fritzsch, 1993). Together with the more efficient applica­
tion of the tracer than is possible in the in vivo situation, 
this may explain the good neuronal labeling.
Before discussing the results obtained in the present 
study, a few technical problems inherent to tract-tracing 
(spread of the tracer, the possibility of transneuronal 
transport) will be addressed. After most spinal injections 
or applications of PHA-L or BDA, a small ipsilateral 
ascending projection passing via the ventral quadrant of 
the spinal cord was noted. This may be due to spread of the 
tracer to the contralateral side of the spinal cord. However, 
since after thalamic and toral applications always a few 
retrogradely labeled neurons were observed ipsilaterally 
in the spinal cord and in these cases spread of the tracer to
the contralateral side is highly unlikely, the combination of 
both procedures strongly suggests th a t the ventral quad­
rant pathway is bilateral. The bilateral labeling of ascend­
ing fibers in the dorsolateral funiculus may be due to 
spread of the tracer to the contralateral side or its uptake 
by dendrites of contralateral spinal neurons extending into 
the site of tracer application.
The possibility of transneuronal transport of tracers can 
be raised for the dorsal funicular projection found to the 
cerebellum. Although such a prim ary afferent projection 
was demonstrated in studies on the anuran brain (Antal et 
al., 1980; Székely et al., 1980; Gonzalez et al., 1984) and in 
Pleurodeles waltl (the present study), in other urodeles, 
Roth and Wake (1985) did not mention a dorsal root 
projection to the cerebellum. This may suggest tha t the 
spinocerebellar projection via the dorsal funiculus arises 
from neurons in the dorsal horn. The following data show 
that this is presumably not the case: (1) in a previous study 
in which HRP was applied to the cerebellum of Xenopus 
laevis, ipsilaterally labeled dorsal root ganglion cells were 
found (Gonzalez et al., 1984); (2) Roth and Wake (1985) 
used relatively short survival times (48—72 hours), so the 
tracer used (HRP) may not have reached the cerebellum;
(3) in the present study following BDA application to 
dorsal roots, only spinal prim ary afferent fibers were 
labeled, whereas labeled spinal neurons were never found; 
and (4) no evidence for transneuronal transport was found 
in studies dealing with fluorescent of biotinylated dextran
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Fig. 9. Schem atic drawing of a series of transverse sections through the diencephalon (A-C), 
m esencephalon (D,E), rhombencephalon (F-L), and spinal cord (M-O) of Pleurodeles waltl which shows 
the labeling of the ventral quadrant system  after in vivo 10 kD BDA application to the cervical spinal cord. 
Hatched area in O indicates the spread of the tracer.
amines (Glover et al., 1986; Veenman et al., 1992; Fritzsch, 
1993; Luksch. et al., 1996),
In the present study, three main components of ascend­
ing spinal projections were demonstrated, i.e., a dorsal 
funicular component, a dorsolateral funicular component 
and a ventral quadrant component. In  previous studies 
(Munoz et al., 1994b, 1995a,b, .1996), spinal projections to 
the dorsal column and lateral cervical nuclei, respectively, 
were demonstrated. Additionally, the diencephalic targets 
of the ventral quadrant of the spinal cord were demon­
strated (Munoz et al., 1994a). In the present study, the
organization, the main targets and the cells of origin of 
some of the ascending spinal projections were investi­
gated.
In previous studies, based on silver-stained material or 
making use of anterograde degeneration techniques, as­
cending spinal projections were demonstrated in anurans 
(Ebbesson, 1969, 1976; Hayle, 1973a,b) and in urodeles 
(Herrick, 1914,1930; Herrick and Bishop, 1958; Nieuwen- 
huys and Cornelisz, 1971). In Necturus, Herrick (1930) 
considered the ascending spinal projections through the 
dorsolateral funiculus as a distinct ascending spinal sys-
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Rana catesbeiana th a t pass via the “anterolateral funicu­
lus” into medial and lateral components. His lateral compo­
nent is comparable to our dorsolateral funicular compo­
nent, whereas his medial component forms part of our 
ventral quadrant component. In the present study, based 
on more sensitive tract-tracing techniques, the dorsolat­
eral funicular component was found to fade at cerebellar 
and caudal mesencephalic levels, whereas the fibers of the 
ventral quadrant component, located more ventrally 
throughout the rhombencephalon, turn dorsally at the 
isthmic level and reach mesencephalic and diencephalic
targets (Munoz et al., 1994a).
Spinal ascending pathways in amphibians
Dorsal fu n icu la r  p a th w a y s  in am phibians . Tracer 
applications to the dorsal spinal cord at cervical, thoracic 
and lumbar levels showed tha t the fibers ascending via the 
dorsal funiculus and their pattern of termination in the 
DCN region are organized somatotopically, as previously 
noted in anurans (Antal et al., 1980; Nikundiwe et al., 
1982; Munoz et al., 1991; Munoz et al., 1995b). The dorsal 
funicular fibers are ascending collaterals of primary affer­
ent s from spinal dorsal roots and most likely include 
second-order projections towards the DCN* i.e., the postsyn­
aptic dorsal column system (ten Donkelaar and de Boer 
van Huizen, 1991; Munoz et al., 1995b). Part of the dorsal 
funicular component innervates rhombencephalic struc­
tures rostral to the DCN, in line with data obtained after 
labeling of spinal primary afferents (Joseph and Whitlock, 
1968a; Antal et al., 1980; Nikundiwe et al., 1982; Munoz et 
al., 1991; Munoz et al., 1995b). The most rostral site of 
termination of dorsal funicular fibers is the cerebellum. No 
dorsal funicular fibers from lumbar segments reach the 
cerebellum in line with previous data (Nikundiwe et al.,
1982).
In experiments w ith tracer applications at cervical and 
thoracic levels, trigeminal primary afferent fibers were 
labeled in the descending trigeminal tract. It should be 
noted th a t in anurans the descending trigeminal tract is 
known to extend as far caudally as the upper thoracic 
spinal cord (Matesz and Székely, 1978; Gonzalez et al., 
1993).
In urodeles, the glossopharyngeal and vagal nerves are 
known to send descending branches into the dorsal funicu­
lus (Roth and Wake, 1985). Our BDA experiments on the 
ascending pathways of the cervical spinal cord of Pleurode­
les (Fig. 8) showed two different components of labeled 
fibers in the dorsal funiculus. The lateral component is 
comparable to the dorsal funiculus of anurans and in­
cludes primary and, most likely, also nonprimary ascend­
ing fibers. This component terminates mainly in the dorsal 
column nucleus a t the obex level, but could be traced 
through the medulla up to the cerebellum, in line with our 
data on spinal primary afferents from the second spinal 
dorsal root (Fig. 7). Roth and Wake (1985) did not mention 
second dorsal root primary afferents reaching the cerebel­
lum in lungless salamanders. The medial dorsal funicular 
component ascends, tightly packed up, to the area of the 
lateral line, where it fades, and corresponds to afferent 
fibers of the second root of the glossopharyngeal nerve as 
described by Roth and Wake (1985). Descending branches 
of this cranial nerve later mingle w ith spinal dorsal root 
projections in the dorsal funiculus up to the level of the 
fourth spinal nerve. Between the two dorsal funicular 
components, an unlabeled region was found in Pleurodeles
that may correspond to the area in which Fritzsch (1988) 
observed descending branches of inner ear afferents in 
various urodele species.
Dorsolateralfunicular pa thw ays in am phibians . In 
the present study, a well-developed system of ascending 
fibers in the amphibian dorsolateral funiculus was demon­
strated. The intraspinal targets of these fibers include the 
dorsal and lateral spinal field and, especially, the lateral 
cervical nucleus (Munoz et al., 1995a, 1996). In the rhomb­
encephalon, several structures are innervated by dorsolat­
eral funicular fibers including the nucleus of the solitary 
tract, a lateral reticular zone and a subcerebellar “parabra- 
chial” region.
In a previous in vitro tract-tracing study in Xenopus 
laevis (Munoz et al., 1996), ascending spinal fibers from all 
levels of the spinal cord, passing via the dorsolateral 
funiculus, were found to terminate in a cell area ventrolat­
eral to the dorsal column nucleus. This cell area can be 
considered a possible homologue of the mammalian lateral 
cervical nucleus. Moreover, this cell area was found to 
project contralaterally to the torus semicircularis and to 
the ventral thalamus, both targets for somatosensory 
projections. Similar observations were made in Rana 
perezi (Munoz et al., 1995a). Data in R. catesbeiana 
tadpoles (Forehand and Far el, 1982) also indicate the 
presence of a lateral cervical nucleus in this ranid frog. 
The amphibian lateral cervical nucleus is innervated by 
the spinocervical tract which arises, mainly ipsilaterally, 
in the ventral part of the dorsal horn throughout the spinal 
cord (Munoz et al., 1995a, 1996). In the present study, 
three main other rhombencephalic targets were found: (1) 
the area of the nucleus of the solitary tract; in Pleurodeles 
waltl, the very poor segregation of neurons in the caudal 
part of the alar plate makes it difficult to distinguish which 
component may receive dorsolateral funicular afferents;
(2) the lateral reticular zone in the rhombencephalon, 
especially a lateral reticular area located dorsal to the 
VIIth-IX motor nuclei and ventral to the ventral nucleus 
of the VHIth nerve; and (3) a subcerebellar region. In line 
with Neary’s (1995) study, this subcerebellar region will be 
described as the parabrachial nucleus.
Ventral quadrant pa thw ays in amphibians. In the 
anurans studied, in line with previous studies (Ebbesson, 
1969,1976; Hayle, 1973a), the bulk of fibers ascending via 
the ventral quadrant of the spinal cord fades at rhombence­
phalic levels. Ventral quadrant pathways terminate mainly 
in the reticular formation, particularly in its caudal, 
inferior part. Additionally, in the present study ventral 
quadrant projections were found to the lateral reticular 
zone, the raphe nucleus, the nucleus of the descending 
tract of the trigeminal nerve, the octavolateral area and 
the inferior olive. More rostrally, the parabracliial nucleus 
receives a sparse ventral quadrant projection, in addition 
to the massive innervation by the dorsolateral funiculus. 
In the rostral part of the rhombencephalon, some fibers 
turn dorsally and enter the cerebellar granule layer. These 
fibers, the ventral spinocerebellar pathway, presumably 
arise from neurons located mainly in the ventral horn of 
the spinal cord (Gonzalez et al., 1984; Grover and Grüsser- 
Cornehls, 1984). In the mesencephalon, the torus semicir­
cularis is the main target of ventral quadrant fibers. The 
torus semicircularis is a major integrating center for a 
number of sensory and nonsensory afferents in addition to 
auditory inputs, and may serve a role similar to the one the 
tectum mesencephali serves for the visual system (Wilczyn-
ASCENDING SPINAL PROJECTIONS IN AMPHIBIANS 221
ski and Capranica, 1984). A distinct, mainly contralateral 
spinotoral projection arises from all levels of the anuran 
spinal cord. In Rana catesbeiana, Ebbesson (1976) noted a 
sparse spinomesencephalic projection to the magnocellu­
lar and laminar nuclei of the torus semicircularis. In the 
present study, a more extensive spinotoral innervation 
was found: spinal fibers mainly innervate the magnocellu­
lar and laminar nuclei but, although more sparsely, also 
the principal and commissural nuclei.
In the present study a direct, rather extensive, mainly 
contralateral spinothalamic projection was demonstrated. 
This projection arises mainly from cervical, but also from 
thoracic and, more sparsely, from lumbar spinal segments. 
Most cells of origin were observed in the contralateral 
dorsal horn. Spinothalamic fibers innervate the posterior 
tubercle, the ventromedial and the ventrolateral thalamic 
nuclei. Only a few spinal fibers reach the posterior, central 
and anterior thalamic nuclei. In anurans, the posterior 
thalamic nucleus most likely belongs to the pretectum 
(Puelles et al., 1996).
In Pleurodeles waltl, the ventral quadrant pathways are 
comparable to those in anurans. A notable exception is the 
well-developed spinotectal component. The pattern of ter­
mination of spinoreticular projection is largely comparable 
to that found with the classical silver impregnation tech­
niques (Herrick, 1948; Herrick and Bishop, 1958) and with 
anterograde degeneration techniques (Nieuwenhuys and 
Cornelisz, 1971). The indistinct torus semicircularis, char­
acterized by its octavolateral input (Gonzalez and Munoz, 
1987), receives spinal input via the ventral quadrant 
pathways. In Amby stoma tigrinum, Herrick (1914, 1948) 
suggested a direct spinotectal projection. In the axolotl, A. 
mexicanum, Nieuwenhuys and Cornelisz (1971) experimen­
tally demonstrated this projection. Our BDA tracing experi­
ments in R waltl show a mainly contralateral spinotectal 
projection.
In the present study, a sparse spinal innervation of the 
anteroventral and posterodorsal thalamic zones was ob­
served. A much denser spinothalamic projection was found 
to the ventral thalamus. In Ambystoma tigrinum, Gruberg 
and Solish (1978) reported the presence of degenerating 
fibers in the ventral thalamus after spinal hemisections. 
The ventral thalamus also receives retinal, te etal and 
tegmental input (Wicht and Himstedt, 1988).
A comparison of spinal ascending pathways 
in vertebrates
Dorsal funicular pa thw ays in vertebrates. Through­
out vertebrates, the dorsal funiculus contains ascending 
collaterals of primary spinal afferents reaching obex levels 
and continuing into the ipsilateral alar medulla (Table 1). 
In lampreys, dorsal funicular fibers innervate neurons at 
the obex level and in the octavolateral area (Northcutt and 
Ebbesson, 1980; Ronan and Northcutt, 1990). Dorsal col­
umn fibers innervate the cerebellum as well (Ronan and 
Northcutt, 1990; Dubuc et al., 1993). In the Pacific hagfish, 
Eptatretus stouti, it is unclear whether dorsal column 
fibers reach the little evident cerebellum (Ronan and 
Northcutt, 1990). Although in the spotted dogfish, Scyliorhi- 
nus canicula, Hayle (1973a) was unable to trace degenerat­
ing fibers in the dorsal funiculus more than several 
segments rostral to spinal lesions, Ebbesson and Hod de 
(1981) demonstrated dorsal column fibers to a dorsal 
column nucleus at the obex level, and to the vestibular 
nuclear complex and cerebellar granule layer, in the nurse
shark, Ginglymostoma cirratum. Experimental evidence 
for dorsal column pathways in bony fishes is limited. In the 
himé salmon, Oncorhynchus nerka, Oka et al. (1986) 
applied cobaltic lysine to the cut end of the spinal cord at 
the 10th to 15th spinal segment, and traced labeled axons 
via the dorsal funiculus to a site of term ination at the obex 
level but hardly beyond the caudal medulla. Ronan and 
Northcutt (1990) reported the presence of dorsal fiux-ic^la^ 
fibers to the obex and octavolateral area in African lung- 
fishes (Protopterus species), bichirs (Polyp ter us species), 
and in the gar, Lepisosteus os se us. In bichirs and in gars, 
no dorsal funicular fibers were found to the cerebellum, 
but in lungfishes dorsal column fibers term inate in the 
granule layer of the cerebellum.
In amphibians, dorsal column fibers project to the 
ill-defined dorsal column nucleus, to the octavolateral area 
and to the cerebellum (Joseph and Whitlock, 1968a; Ebbes­
son, 1969,1976; Hayle, 1973a,b; Antal etal., 1980; Székely 
et al., 1980; Nikundiwe et al., 1982; Urban and Székely, 
1982; Munoz et al., 1994b, 1995b, the present study; see 
Table 1). The dorsal column system has been extensively 
studied in reptiles. In the tegu lizard, Tupinambis teguixin 
(Ebbesson, 1967), a lacertid, Lacerta viridis (Jacobs, 1968), 
a boid snake, Constrictor constrictor (Ebbesson, 1969), a 
crocodilian, Caiman crocodilus (Ebbesson and Goodman, 
1981), and in various tu rtle  species, especially Pseudemys 
scripta elegans (Ebbesson, 1969; Pedersen, 1973; Runzle, 
1982; Künzle and Woodson, 1983), the dorsal funiculus 
innervates the dorsal column nucleus, vestibular nuclei, 
and the cerebellum. In Thamnophis sirtalis, Jacobs and 
Sis (1980) found a dorsal column projection to the DCN 
and to the descending vestibular nuclei. Comparable data 
were obtained in Iguana iguana (Joseph and Whitlock, 
1968b) and in Python reticulatus (Kusuma and ten Donke­
laar, 1980). In birds, K arten (1963) and van den Akker 
(1970) noted a spinal projection to the dorsal column nuclei 
of pigeons, Columba livia. In an HRP tracing study in 
pigeons, Wild (1985) found extensive dorsal root projec­
tions to the dorsal column nuclei, bu t also to a wide 
dorsolateral region of the rhombencephalon which in­
cludes the external cuneate nucleus, the lateral part of the 
nucleus of the descending trigem inal tract, the principal 
trigeminal sensory nucleus and the nucleus of the solitary 
tract.
Ascending spinal fibers of both prim ary and nonprimary 
origin are found in the dorsal funiculus of mammals (see 
Willis and Coggeshall, 1991 for review). The presence of 
nonprimary spinal afferents to the  dorsal column nucleus,
i.e., the postsynaptic dorsal column system, has now been 
demonstrated throughout terrestrial vertebrates (e.g., Rus- 
tioni, 1973; Angaut-Petit, 1975a,b; Rustioni and Kaufman, 
1977; Bennett et al., 1984; Giesler et al., 1984; Funke, 
1988; ten Donkelaar and de Boer-van Huizen, 1991; Pritz 
and Stritzel, 1994; Munoz et al., 1995b).
Dorsolateral fu n icu la r  p a th w a y s  in vertebrates . A 
spinocervical system, passing via the dorsolateral funicu­
lus and term inating in  a la tera l cervical nucleus, appears 
to be much more common th an  previously thought (Munoz 
et al., 1996). In  anamniotes other than  amphibians, evi­
dence for a spinocervical trac t projecting to a lateral 
cervical nucleus is at least suggestive. In petromyzontid 
and myxinoid agnathans (Northcutt and Ebbesson, 1980; 
Ronan and Northcutt, 1990) as well as in cartiLaginous 
(Hayle, 1973a,b; Ebbesson and Hodde, 1981) and bony 
fishes (Hayle, 1973a,b; Finger, 1981; I to et al., 1986)
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TABLE 1. Dorsal Funicular Pathways in Vertebrates (based in part on Ronan and Northcutt, 1990)
Species
Target at obex 
level (DCN)
Agnathans 
Lampreys 
Sea lamprey (Peiromyzon marin us) 
Silver lamprey (Ichthyomyzon unicuspis) 
Hagfishes
Pacific hagfish (Eptatretus stouti)
Gnalhostomcs
Cartilaginous fishes 
Spotted dogfish (Scyiiorkinus canicula) 
Nurse shark {Ginglymostama cirmUim) 
Bony fishes
Bichir (Polypterus palm as)
Gar (Lepisosteus osseus)
Hi mé salmon (Oncorkynchus nerka) 
Lungfish (Protopterus species) 
Amphibians 
Urodeles 
Lungless salamanders 
Axolotl {Ambystoma mexicanum) 
Ribbed newl {.Pleurodeles waltl) 
Anurans 
Rana csculenta 
R. tempomria 
R. catesbeiana 
R. perezi 
Xenopus laevis
Reptiles 
Turtles 
Pelusios subniger 
Pelomedusa subrufa 
Podocnemia unifilis 
Pseudemys scripta elegans 
Lizards 
Lacerta viridis 
Tupinambis teguixin 
Snakes
Constrictor constrictor 
Thamnophis sirtalis 
Crocodilians 
Caiman crocodilus
Birds
Pigeon (Columba livia)
Mammals
9
♦
+
+
4*
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
Octavolateral
target
?i
♦
9
*
9
?
4
+
+
+
+
-f
"h
+
+
+
+
+
+
+
+
“h
■f
+
Hh
Cerebellar
projection
+
?
I
+
+
+
+
+
+
+
4' 
+ 
+ 
+ 
-\-
+
PDCS-
?
9
è
7
9
1?
+
?
i
9
f
9
4
’h
+
9
f
9
*
9
f
9
«
9
9
é
+
■t-
Refs.:i
19, 23 
2/23
23
9
7
23
23
20
23
24
18
17
1, 25 
9, 10 
4,5 
16, 17 
1G, 17,26
21
21
21
4, 14, 15
11
3
4 
12
6, 22
8, 13, 27, 28 
29
14- present; — not reported; ? unknown or questionable.
2PDCS, postsynaptic dorsal column system.
3Referonces: 1, Antal et al., 1980; 2, Dubuc et al., 1993; 3, Ebbesson, 1967; 4, Ebbesson, 1969; 5, Ebbesson, 1976; 6, Ebbesson and Goodman, 1981; 7, Ebbesson and Hoddu, 1981; 8, 
Funke, 1988; 9,10, Hayle, 1973a,b; 11, Jacobs, 1968; 12, Jacobs and Sis, 1980; 13, Karten, 1963; 14,Künzle, 1982; 15, Künzle and Woodson, 1983; 16, Munoz et al., 1995b; 17, Munoz 
e t al., present study; 18, Nieuwenhuys and Cornelisz, 1971; 19, Northcutt and Ebbesson, 1980; 20, Oka et al., 1986; 21, Pedersen, 1973; 22, Pritz and Stritzel, 1994; 23, Uonnn and 
Northcutt, 1990; 24, Roth and Wake, 1985; 25, Székely et al., 1980; 26, ten Donkelaar and de Boer-van Huizen, 1991; 27, van den Akker, 1970; 28, Wild, 1985; 29, Willis and 
Cogge shall, 1991.
ascending spinal projections via the dorsal part of the 
lateral funiculus were demonstrated (Table 2). No sepa­
ra te  site of termination, reminiscent of a lateral cervical 
nucleus, was noted. In reptiles, experimental evidence for 
th e  presence of a spinocervical tract comes from an antero­
grade degeneration study in the tegu lizard, Tupinambis 
teguixin. Ebbesson (1967) noted that a t caudal brainstem 
levels, some collateral fibers leave the dorsolateral funicu­
lus and innervate an area located dorsal to the hypoglossal 
nucleus and ventral to the DCN. A tracing study in 
Pseudemys scripta elega?is (Künzle and Woodson, 1982) 
also suggests the presence of a spinocervical tract. In 
birds, various ascending nonprimary spinal projections 
were found (van den Akker, 1970; Funke and Necker, 1986; 
Funke, 1988; Necker, 1991), most likely including a spino­
cervical tract. The spinocervical tract in mammals has 
been studied extensively (see Willis and Coggeshall, 1991). 
I t  forms the first part of a bisynaptic spinocervicothalamic 
pathway (Morin, 1955; Nijensohn and Kerr, 1975; Boivie,
1983), Tract-tracing data in Xejiopus laevis and in Pana 
perezi (Munoz et al., 1995a, 1996) suggest the presence of 
an  anuran homologue of the mammalian spinocervicotha­
lamic system.
Spinosolitary projections passing via the dorsolateral 
funiculus were observed in reptiles (Ebbesson, 1967,1969; 
Pedersen, 1973), in birds (Karten, 1963; Funke and Necker, 
1986; Funke, 1988), and in mammals (e.g., Kuru, 1956; 
Hazlett et al., 1972; McMahon and Wall, 1983; Aplcarian et 
al.} 1985; Menétrey and Basbaum, 1987). Although in 
mammals the bulk of spinal projections to the reticular 
formation ascends via the anterolateral system (see Mehler, 
1969; Willis and Coggeshall, 1991), ascending projections 
to different parts of the lateral reticular zone via the 
dorsolateral funiculus were demonstrated (e.g., Zemlan et
al., 1978; Blomqvist and Berkley, 1992).
The main rostral site of termination of ascending dorso­
lateral funicular fibers is the amphibian homologue of the 
mammalian parabrachial nucleus. The parabrachial 
nucleus receives the majority of the ascending projections 
from the nucleus of the solitary tract (e.g., Herbert et al., 
1990) as well as extensive projections from the spinal cord 
and different trigeminal nuclei (Bernard et al., 1995; Feil 
and Herbert, 1995). Several studies showed ascending 
spinal projections to the parabrachial nucleus via the 
dorsolateral funiculus (Nijensohn and Kerr, 1975; Björke-
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TABLE 2. Dorsolateral Funicular Pathways in Vertebrates
Species
Spinocervical
tract
Target at 
spinomedullary 
junction (LCN)
Nucleus of the 
solitary tract
Projections to
Lateral 
reticular zone
Parabrachial
area R efs .a
Agnathnns
Lampreys
Sea lamprey (Petromyzon marinus) ■i-i * ?
4
?
«
?
p 18,19
Silver lamprey (Ichthyomyzon unicuspis) =»■ 9
t
9
»
9
•
* 19
Hügûshes
Pacific hagfish (Eptatretus stouti) * 9
• 9
• ? 9♦ 19
Gnathostomes 
Cartilaginous lishes
Spotted dogfish {Scyiiorkinus canicula) - 1 — W _ 7
Nurse shark {Ginglymostoma cirratum) * ?
V
9
%
9
♦
?
* 3
Bony fishes
Sea robin (Prianotus carolinus) I 9
*
9
«
9
*
9
« 4
Sebastiscus marmoratus 91« + ?• 9 9 10
Rudd {Scardinius erythrophthalmus) * — — 7. 8
Amphibians
Tiger salamander (Ambystoma tigrinum) + ?b ?
*
9
f
7
» 9
Ribbed newt {Pleurodeles waltl) + + -h + 15
Clawed toad {Xenopus laevis) + + + + -t- 12-15
Large groen frog {Rana perezi) + + + 12, 13.15
Reptiles
Red-eared turtle (Pseudemys scripta
riegans) V* + ■I- *)t 2, 11
'Ibgu lizard (Tupinambis teguixin) + + + ?* * 1
Birds
Pigeon (Columba liuiti) + + 9* 9• 5, 6, 16, 17, 20
Mammals + + + + 21
H positive evidence;!l! suggestive evidence; -  not reported; ? unknown or qupsUmmbta.
References: 1, Ebbesson, 1967; 2, Ebbesson, 1969; 3, Ebbesson and Hodde, 1981; 4, Finger, 1981; 5, Funke, 1988; 6, Funke and Necker, 1986; 7, 8, Hayle, 1973a, 9 ,1-Ierrick, 1930; 10, 
Ilo el al„, 1986; 11, Kiinzle and Woodson, 1982; 12-14, Munoz et al., 1995a,b, 1996; 15, Munoz et al.r present study; 16, 17, Necker, 1989,1991; 18, Northcutt and Ebbesson, 1980; 19, 
Ronan and Nuvthcutt, 1990; 20, van den Akker, 1970; 21, Willis and CoggesViull, 1991.
land and Boivie, 1984; Kitamura et al., 1993; Bernard et 
al., 1995; Feil and Herbert, 1995).
Ventral quadrant pathways in vertebrates
Ventral quadrant pathways comparable to those demon­
strated in amphibians are found in other jawed verte­
brates. This system of ascending fibers, sometimes called 
the spinal lemniscus after an ascending system described 
by Herrick (1948) in Amby stoma tigrinum, arises in spinal 
neurons and courses rostrally through the ventrolateral 
spinal cord and brainstem. All vertebrates have in common 
a distinct spinoreticular pathway passing via the ventral 
quadrant (Table 3). A ventral spinocerebellar pathways 
seems to be restricted to gnathostomes. A spinotectal 
component is variable. Ventral quadrant fibers extend as 
far as the diencephalon in terrestrial vertebrates and in 
certain sharks. The ventral quadrant pathways therefore 
include spinoreticular, spinocerebellar, spinotectal, and 
spinothalamic tracts.
In agnathans, ventral quadrant pathways extend ros~ 
trally, along the ventrolateral border of the spinal and 
medullary central grey and consists of spinoreticular and 
possibly spinovestibular projections (Eonan and North­
cutt, 1990), In the Pacific hagfish, Eptatretus stouti, spinal 
lemniscal fibers heavily terminate in the mesencephalic 
tectum, but no spinal projection to the thalamus was 
found. The spinal lemniscus of lampreys ascends to the 
isthmus level and may extend into the mesencephalic 
tegmentum. Retrograde tracer data (Ronan and North­
cutt, 1990) indicate that a very small population of cells in 
the most rostral part of the lamprey spinal cord may 
project to the tectum and diencephalon. Unlike the spino­
cerebellar projections of jawed vertebrates which termi­
nate in the cerebellar granule layer, spinal lemniscal fibers 
in lampreys do not enter the periventricular grey of the 
cerebellar region (Ronan and Northcutt, 1990).
Ventral quadrant fibers project to the reticular forma­
tion, particularly its caudal part, the cerebellar granule 
layer, and the tectum mesencephalic in the spotted dog­
fish, Scyiiorkinus canicula (Hayle, 1973a,b) and the nurse 
shark, Ginglymostoma cirratum  (Ebbesson and Hodde, 
1981). In the la tter advanced species, spinal fibers also 
reach a subtectal, inter colli cular zone and the central 
nucleus of the thalamus. Spinoreticular fibers passing via 
the ventral quadrant of the spinal cord were demonstrated 
in representatives of three grades of ray-finned bony 
fishes: bichirs, Polyptei'us pal mas (unpublished observa­
tions quoted by Ronan and Northcutt, 1990), gars, Lepisos- 
teus osseus (unpublished observations quoted by Ronan 
and Northcutt, 1990), rudds, Scardinius erythrophtalmus 
(Hayle, 1973a,b), and one genus of lobe-finned bony fish, 
the African lungfish, Protopterus spp. (unpublished obser­
vations quoted by Ronan and Northcutt, 1990). In the 
ray-finned fishes and probably in African lungfishes, spi­
nal fibers project to the cerebellar granule layer, whereas a 
projection to the tectum was only observed in lungfishes 
(unpublished observations quoted by Ronan and North­
cutt, 1990). In Sebastiscus marmoratus, M urakami and Ito
(1985) showed ascending projection of the spinal dorsal 
horn, via the ventral quadrant of the cord, to the reticular 
formation, the vagal lobe, octaval nuclei, the cerebellum 
and the nucleus ventromedialis thalam i. Ito et al. (1986) 
suggested that the spinothalamic projection may arise in 
the nucleus of the lateral funiculus and therefore form a 
cervicothalamic rather th an  a proper spinothalamic path ­
way. In  the himé salmon, Oncorhynchus nerka, Oka et al.
(1986) found, in addition to spinoreticular and spinocerebel­
lar components of the spinal lemniscus, a projection to the 
lateral part of the torus semicircularis.
Ascending ventral quadrant pathways in reptiles were 
studied in a number of species: a boid snake, Constrictor 
constrictor (Ebbesson, 1969); various turtles, especially
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TABLE 3. Ventral Quadrant Pathways in Vertebrates (based in part on Ronan and Northcutt, 1990)
Spinoreticular Spinocerebellar Projection Spinotectal Spinothalamic
f t
Species
A *
component component to torus or PAG2 component component Refs.J
Agnathans
Lampreys 
Sea and silver lampreys +i 71• -— Wl
* 20, 22
Hagfishes + 22Pacific hagfish <Eptatretus stouti) 4- ______ 1
Gnathostomes
Cartilaginous fishes
C i +
k
7,8eSpotted dogfish (Scyiiorkinus canicula) 4- +
V
»
?
♦Nurse shark (Ginglymostoma cirratum) 4- + -r ■pi O
Bony fishes ?<11 2222Bichir (Polypterus pal mas)
4- 4-
Gar (Lepisostcus os se us) -1 4* v« » »1
Himé salmon iOncorhynchus nerka) + -t- f- +
21
Sebastiscus marmomtus 4. + 4- 17
Lungfish (Protopterus species) + 4- 94 + 22
Amphibians
Urodeles 9« 19Axolotl (Ambystoma mexicanum) + 4- 91
Tiger salamander [A tigrinum) Hr + + 9^ M «ri yà
Ribbed newt (Pieurodeles waltl) H" + 4* 4* 15, 16
Anurans
7,8Rana temporaria + 9* — W
i?. catesbeiana + 4- i 9♦ 3
R. perezi + + 4* + 4- 15, 16
Xenopus laevis 4- + + •I- + 16
Reptiles
Turtles
Pseudemys scripta elegans + + 4- 4" 4- 2, 12,13
Lizards
Tupinambis teguixin + 4- 4- + 4" 1
Varanus exanthematicus + + 4* + 10,24
Snakes
Constrictor constrictor + + + + 4- 2
Crocodilians
Caiman crocodilus + + 4- 4- 4- 4
Birds
Pigeon (Columba livia) 4- + 4- 4- * 6,11, 18,23
Mammals + + 4- 4- ■h 14, 25
1 + positive evidence;:|: suggestive evidence; — not reported; ? unknown or questionable.
2Pag, periagueductal gray.
References: 1,2,3, Ebbesson, 1967,1969,1976; 4, Ebbesson and Goodman, 1981; 5, Ebbesson and Hodde, 1981; 6, Funke and Necker, 1986; 7,8, Hayle, 1973a,b; 9, Herrick, 1930; 10, 
Hoogland, 1981; 11, Karten, 1963; 12, Künzle and Schnyder, 1993; 13» Künzle and Woodson, 1982; 14, Mehler, 1969; 15, Munoz et nl., 1994a; 16, Munoz et al., present study; 17, 
Murakami and Ito, 1985; 18, Necker, 1989; 19, Nieuwenhuys and Cornelisz, 1971; 20, Northcutt and Ebbesson, 1980; 21, Oka et al., 1986; 22, Ronan and Northcutt, 1990; 23, 
Schneider and Necker, 1989; 24, ten Donkelaar et a l, 1987; 25, Willis and Coggeshall, 1995.
Pseudemys scripta elegans (Ebbesson, 1969; Pedersen, 
1973; Künzle and Woodson, 1982); lizards, the tegu lizard, 
Tupinambis teguixin (Ebbesson, 1967), and the savannah 
monitor lizard, Varanus exant hematicus (Hoogland, 1981; 
ten Donkelaar et al,, 1987), and caimans, Caiman crocodi- 
lus (Ebbesson and Goodman, 1981; Pritz and Stritzel, 
1989). Other rhombencephalic centers such as the nucleus 
of the solitary tract, the vestibular nuclear complex, the 
perihypoglossal nuclear complex, the inferior olive, and 
the area in and around the facial motor nucleus are 
innervated by spinal fibers. The cerebellum receives an 
extensive spinal innervation. In the mesencephalon, the 
nucleus intercollicularis, a diffuse cell mass in the dorsolat­
eral part of the caudal mesencephalon, receives an exten­
sive spinal innervation (Ebbesson, 1967,1969; ten Donke­
laar at al., 1987). In birds, spinal projections were also 
demonstrated to the intercollicular region (Necker, 1989; 
Wild. 1989, 1995). Both in reptiles and birds, somatosen­
sory and auditory information converge in the inter collicu­
lar region (Belekhova et aL, 1985; Wild, 1995). Evidence 
for spinal projections to the intercollicular nucleus was 
found in various vertebrates (RoBards et al., 1976) and is 
included in Table 3. In mammals, e.g., the North American 
opossum (Hazlett et al., 1972; RoBards et al., 1976), 
rodents (Saldana and Merchân, 1992) and cats (Itoh et al.,
1984), the intercollicular terminal zone receives afferents 
from the spinal cord, the dorsal column nuclei, and the 
somatosensory cortex.
Anterograde degeneration studies in lizards (Ebbesson, 
1967; ten Donkelaar et al., 1987) showed the presence of a 
direct spinothalamic projection, terminating in a poorly 
differentiated region labeled dorsal intermediate nucleus 
(Ebbesson, 1967) of the dorsal thalamus. This nucleus may 
be comparable to the intralaminar nuclei of mammals 
(Ebbesson, 1967), which receive the so-called paleospino- 
thalamic pathway (Mehler, 1957; Herrick and Bishop, 
1958). In Caiman crocodilus, Ebbesson and Goodman 
(1981) demonstrated, in addition to the dorsal spinotha­
lamic tract (terminating in the nucleus medialis posterior), 
a ventral extension of the spinal lemniscus. This ventral 
pathway terminates in the ventrolateral thalamic nucleus. 
This connection is reminiscent of the mammalian spinotha­
lamic projection (the neospinothalamic tract) to the ventro- 
basal complex (e.g., Mehler, 1957, 1969). In a retrograde 
tracer study in Varanus exanthematicus, Hoogland (1981) 
showed that the spinal cord projects to three thalamic 
areas: (1) an area that includes both the nucleus dorsolat- 
eralis and the nucleus intermedius dorsalis; (2) the nucleus 
ventrolateralis; and (3) the nucleus dorsomedialis. More­
over, it was demonstrated that these spinothalamic projec­
tions arise from different populations of neurons in the 
spinal cord. Comparable data were obtained in Pseudemys 
scripta elegans (Künzle and Woodson, 1982; Künzle and 
Schnyder, 1983).
In pigeons (Columba livia)) ascending spinal projections 
were studied with anterograde degeneration (Karten, 1963;
ASCENDING SPINAL PROJECTIONS IN AMPHIBIANS 225
van den Akker, 1970) and tract-tracing (Wild, 1983; Funke 
and Necker, 1986; Necker, 1989; Schneider and Necker, 
1989) techniques. Funke and Necker (1986) and Necker 
(1989) found that ventral quadrant fibers mainly arise in 
neurons in the laminae V—VIII of the spinal gray, bilater­
ally at cervical levels, and contralaterally at lumbar levels. 
Spinocerebellar fibers form a distinct component of the 
ventral quadrant fibers (van den Akker, 1970; Vielvoye, 
1977; Okado et al., 1987). Sparse data exist in the litera­
ture on the s pin om es encephalic projections in birds. Spi­
nal projections were demonstrated to the intercollicular 
nucleus (Necker, 1989; Wild, 1995) and to the tectum 
(Karten, 1963; Wild, 1995). Spinothalamic projections 
were already observed in degeneration studies (Karten, 
1963). Later tracing studies revealed lumbar spinotha­
lamic projections to the nucleus dorsointermedius ventra- 
lis anterior (DIVA) and to a lesser extent to the nucleus 
intercalatus thalami, nucleus subrot undue, and the stra­
tum cellulare externum and internum (Schneider and 
Necker, 1989), whereas cervical spinothalamic projections 
reach the nucleus dorsolateralis posterior (Schneider and 
Necker, 1989). The cells of origin of spinothalamic projec­
tions were demonstrated in several studies (Wild, 1983; 
Necker, 1989; Schneider and Necker, 1989).
In mammals, the presence of extensive ventral quadrant 
pathways is well known (see Mehler, 1969; Willis and 
Coggeshall, 1991; Tracey, 1995). It includes spinoreticular, 
spinomesencephalic and spinothalamic projections. Retro­
grade tracer studies (Kevetter et al., 1982; Kevetter and 
Willis, 1984; Menétrey et al., 1984; Lima, 1990) showed 
three main groups of spinoreticular neurons: (1) those 
projecting to the lateral reticular nucleus; (2) a group 
projecting to the medial nuclei of the pontomedullary 
reticular formation, and (3) neurons that innervate the 
dorsal reticular nucleus. Spinal projections in mammals to 
the medial reticular formation arise bilaterally, but with a 
contralateral predominance, in neurons located mainly in 
laminae V, VII and VIII and, to a lesser extent, in lamina X 
and at the neck of the dorsal horn, throughout the spinal 
cord, but more densely at higher spinal segments, where 
also large ventral spinal neurons give rise to spinoreticu­
lar projections. The dorsal reticular nucleus receives projec­
tions from lamina I and X as well.
Although some spinomesencephalic projections in mam­
mals ascend in the dorsolateral funiculus, the bulk of the 
spinal projections to the mesencephalon ascends via the 
ventrolateral quadrant intermingled with spinoreticular 
and spinothalamic axons. A rough rostrocaudal somato- 
topic arrangement was observed in the spinal projections 
to the mesencephalon. Lumbosacral projections reach more 
caudal mesencephalic targets than those that arise at 
cervical levels (Willis and Coggeshall, 1991). Spinomesen­
cephalic projections innervate, among other structures, 
the nucleus cuneiformis, the parabrachial nucleus, the 
periaqueductal grey, the intercollicular nucleus and the 
deep layers of the superior colliculus. The cells of origin of 
spinomesencephalic projections are located throughout 
the spinal cord, but in higher concentration at higher 
spinal levels, in laminae I, III-V, VII, and X, and in the 
lateral cervical and lateral spinal nuclei (see Willis and 
Coggeshall, 1991).
The spinothalamic tract in mammals arises from neu­
rons throughout the spinal cord. However, together with 
the lateral cervical nucleus neurons that also proj ect to the 
thalamus, the highest concentration of spinothalamic neu­
rons is present in cervical segments (Willis and Cogge­
shall, 1991). In addition to the spinothalamic projections 
via the dorsolateral funiculus (dorsolateral spinothalamic 
tract) arising from laminae I, II and III neurons to the 
ventral posterolateral and the submedius nuclei and the 
intralam inar nuclear complex, in  the brain of marsupials, 
carnivores, rodents and primates, two distinct components 
of spinothalamic projections via the ventral quadrant 
exist: (1) a mainly contralateral projection from laminae 
IV—VI neurons to the ventral posterolateral and the cen­
tral lateral nuclei, and (2) a projection from laminae VII-X 
neurons to the contralateral posterior nuclear complex and 
the central lateral nucleus (Willis and Coggeshall, 1991). 
Additionally, in the ventral thalam us the zona incerta 
receives spinothalamic fibers (Menétrey et al., 1984; Ap- 
karian and Hodge, 1989; Cliffer et al., 1991; Dado et al., 
1994a,b). Increasing evidence was provided for the involve­
ment of the zona incerta in somatosensory functions, 
especially in nociception (Albé-Fessard et al., 1985; Iwata 
et al.,1992).
Kevetter and Willis (1984) reviewed the then available 
data on the collateralization of the ascending projections 
in the ventral quadrant of the mammalian spinal cord as 
well as the formation of direct spinothalamic projections 
throughout phylogeny. They showed spinal collateral pro­
jections to the medial (intralam inar) and lateral (ventro- 
basal) thalamus considered as paleospinothalamic and 
neospinothalamic tracts, respectively (Mehler, 1969). Addi­
tionally, ascending collateral projections to the spinal cord 
and the medullary reticular formation, thalamus and 
reticular formation, in tralam inar thalam us, ventrobasal 
thalamus, and reticular formation were reported in differ­
ent mammalian species (Kevetter and Willis, 1984). In our 
amphibian material we could observe thin fibers that 
innervate the medullary reticular formation as collateral 
branches of thicker ascending fibers located peripherally 
in the rhombencephalon th a t ascend to more rostral 
regions. However, retrograde double labeling studies are 
needed to confirm whether these fibers reach more rostral 
mesencephalic or diencephalic targets. As far as we know, 
so far no double-labeling studies demonstrated the collater­
alization of ascending spinal projections in nonmamma­
lian vertebrates.
Based on previous anterograde degeneration (Hayle, 
1973a; Ebbesson, 1969; Ebbesson and Hodde, 1981) and 
tracer (Neary and Wilczynski, 1977, 1979) studies, direct 
spinothalamic projections, although present in cartilagi­
nous fishes (Ebbesson and Hodde, 1981), were viewed by 
Kevetter and Willis (1984) as an advanced evolutionary 
character only present in the brains of amniotes. The 
spinothalamic projection in some elasmobranchs was 
viewed as a secondary obtained character. However, later 
studies in agnathans (Ronan and Northcutt, 1990), tele- 
osts (Murakami and Ito, 1985; Ito et al.3 1986) and 
amphibians (Munoz et al., 1994a; the present study) 
confirmed the existence of direct spinothalamic projec­
tions, suggesting a common pattern  throughout all the 
vertebrate classes.
In the present study, the highest density of labeled 
spinothalamic fibers was found in the ventromedial th a ­
lamic nucleus and in the ventral portion of the ventrolat­
eral nucleus. These nuclei are considered parts of the 
ventral thalam us (Neary and Northcutt, 1983; Puelles et 
al., 1996). In reptiles, a spinothalamic projection inner­
vates the ventrolateral thalam us (e.g., Ebbesson, 1967;
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Ebbesson and Goodman, 1981). Although in mammals the 
bulk of spinothalamic projections terminates in the ventro- 
basal complex of the dorsal thalamus, spinal projections 
also reach the zona incerta in the ventral thalamus 
(Menétrey et al., 1984; Apkarian and Hodge, 1989; Cliffer 
et al., 1991; Dado et al., 1994a,b). As noted above, the 
spinothalamic projections to the ventral thalamus in rep­
tiles were interpreted as the equivalent of the mammalian 
spinothalamic projections to the ventrobasal complex. The 
present data, however, suggest that i t  is more likely that 
the main spinothalamic projection in amphibians and 
reptiles may correspond to the spinal projection to the zona
incerta in mammals.
This brief survey of ascending spinal projections shows 
that throughout vertebrates three main ascending chan­
nels, each with largely separate targets, are present. The 
presence of such channels appears to be a shared character 
in the brain of both amniotes and anamniotes.
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